Metal-tolerance proteins (MTPs) are divalent cation transporters that have been shown to be essential for metal homeostasis and tolerance in model plants and hyperaccumulators. Due to the lack of genomic resources, studies on MTPs in cultivated crops are lacking. Here, we present the first functional characterization of genes encoding cucumber proteins homologous to MTP1 and MTP4 transporters. CsMTP1 expression was ubiquitous in cucumber plants, whereas CsMTP4 mRNA was less abundant and was not detected in the generative parts of the flowers. When expressed in yeast, CsMTP1 and CsMTP4 were able to complement the hypersensitivity of mutant strains to Zn and Cd through the increased sequestration of metals within vacuoles using the transmembrane electrochemical gradient. Both proteins formed oligomers at the vacuolar membranes of yeast and cucumber cells and localized in Arabidopsis protoplasts, consistent with their function in vacuolar Zn and Cd sequestration. Changes in the abundance of CsMTP1 and CsMTP4 transcripts and proteins in response to elevated Zn and Cd, or to Zn deprivation, suggested metal-induced transcriptional, translational, and post-translational modifications of protein activities. The differences in the organ expression and affinity of both proteins to Zn and Cd suggested that CsMTP1 and CsMTP4 may not be functionally redundant in cucumber cells.
Introduction
As the component of many proteins, such as zinc (Zn)-finger-containing transcriptional factors and Zn-dependent metalloenzymes (Vallee and Falchuk, 1993) , as well as a second-messenger molecule (Yamasaki et al., 2007) , Zn is an essential trace element for all biological systems. However, similar to other heavy metals, Zn can negatively affect the metabolic processes within cells when present in excess. The binding of Zn 2+ to non-target sites, including enzymes and membrane transporters, renders many cellular proteins dysfunctional and affects the homeostasis of other essential ions.
Consequently, dysfunctions of Zn homeostasis result in various detrimental effects to cell metabolism and to the growth and development of living organisms.
Plants are at the bottom of the food chain and serve as the source of nutrients in animal and human diets; hence, the mechanisms of Zn trafficking within plant cells and the regulation of this process have been thoroughly studied recently. Similar to other organisms, plants have evolved complex homeostatic mechanisms to ensure both suitable delivery of Zn to plant cells and cellular compartments and effective reduction of the toxic effect of Zn excess on cell metabolism (Clemens, 2001; Hall and Williams, 2003) . These mechanisms rely on controlled uptake, accumulation and translocation of Zn ions within and between the cells and cellular organelles (Clemens, 2001; Hall and Williams, 2003) . Within the plant cells, the vacuoles are the major site not only for Zn storage but also for detoxification of Zn under Zn excess in the environment. Zn accumulated in the vacuoles can be further remobilized and used in cellular metabolism under Zn deficiency in soil solution. Therefore, the elucidation of the molecular mechanisms involved in Zn transport into vacuoles can be helpful in the development of Zn-enriched crops, which could supply more Zn in the animal and human diet, or plants suitable for the phytoremediation of soils that are heavily contaminated with Zn.
Several proteins have been identified as regulating active Zn translocation between cytosols and vacuoles of plant cells, among which members of a CDF family of divalent cation transporters appear to be particularly important for vacuolar Zn sequestration (Paulsen and Saier, 1997) . Plant CDF transporters are designated metal-tolerance proteins (MTPs) and have been classified into three groups based on their proposed and confirmed substrate specificity: manganese (Mn)-CDFs, iron (Fe)/Zn-CDFs, and Zn-CDFs (Montanini et al., 2007) . The Zn-CDF group are thought to be specifically engaged in Zn translocation across cellular membranes; however, some reports indicate the ability of plant or mammalian Zn-CDF members to transport Zn, cobalt (Co), cadmium (Cd), nickel (Ni) or Mn (Persans et al., 2001; Xu et al., 2009; Lang et al., 2011; Tuschl et al., 2012) , suggesting that the metal specificity of these transport proteins might be broader. In the Arabidopsis thaliana genome, six genes have been identified that encode the members of the Zn-CDF group, AtMTP1-5 and AtMTP12 (Montanini et al., 2007) . Nevertheless, the role in Zn transport has been confirmed for only two Arabidopsis Zn-CDF proteins, which have been characterized in detail: AtMTP1 and AtMTP3 (van der Zaal et al., 1999; Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005; Arrivault et al., 2006) . Both proteins localize to the tonoplast membrane in yeast and plants cells and function in the vacuolar sequestration of excess Zn and possibly Co (van der Zaal et al., 1999; Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005; Arrivault et al., 2006) . However, the different regulation and localization of AtMTP1 and AtMTP3 transcripts suggests that the proteins they encode are not redundant (Arrivault et al., 2006) .
Until now, only single members of the Zn-CDF group have been studied in other plants. Moreover, the data revealed so far concern only the MTP1 homologues and suggest that they may localize not only to the tonoplast but also to the plasma membrane. Thus, PtdMTP1 from hybrid poplar Populus trichocarpa×Populus deltoides, HvMTP1 from Hordeum vulgare, and AhMTP1 from Arabidopsis halleri were found at the tonoplast membrane and three orthologues of MTP1 from Brassica juncea (BjCET2, -3, and -4) were localized to the plasma membrane, whereas rice (Oryza sativa) OsMTP1 and TgMTP1 from the metal hyperaccumulator Thlaspi goesingense were shown to reside either at the plasma membrane or in the vacuolar membranes (Blaudez et al., 2003; Yuan et al., 2012) . Moreover, despite the significant structural similarities, MTP1 orthologues from diverse plants appear to display different substrate specificity. While PtdMTP1 and AhMTP1 were shown to be highly specific to Zn, OsMTP1 was able to complement yeast strains susceptible to Zn, Cd, and Ni, HvMTP1 restored the growth of yeast sensitive to Zn and Co, and BjCET2, -3, and -4 were able to transport Zn, Cd, Co, and Ni, whereas different variants of TgMTP1 conferred yeast resistance to elevated Zn, Cd, Co, or Ni (Blaudez et al., 2003; Yuan et al., 2012) .
The mechanism of Zn transport by members of the Zn-CDF subgroup is not yet completely understood. However, increasing numbers of studies show that bacterial, yeast, and mammalian Zn-CDFs function as H + -coupled Zn 2+ transporters (Guffanti et al., 2002; MacDiarmid et al., 2002; Kawachi et al., 2008; Ohana et al., 2009) (Chao and Fu, 2004 ) and form dimers or oligomers when present at membranes (Wei et al., 2004) . Similar complexes have been found for plant Zn-CDFs, AtMTP1, PtdMTP1, and TgMTP1 (Bloss et al., 2002; Blaudez et al., 2003; Kim et al., 2004) . However, the data on the mode of action of plant Zn-CDF transporters characterized so far are confusing. Complementation studies in yeast have revealed that neither AtMTP1 nor PtdMTP1 requires a proton gradient to transport Zn 2+ into yeast vacuoles (Bloss et al., 2002; Blaudez et al., 2003) , whereas the kinetic studies of AtMTP1-mediated Zn transport in yeast tonoplasts revealed the H + /Zn 2+ activity of Arabidopsis protein (Kawachi et al., 2008) .
Although recent work has greatly improved our understanding of the molecular features and functions of plant Zn transporters from the MTP family, the mode of plant Zn-CDF transport mechanisms remains unclear. Moreover, besides MTP1 and MTP3, other members of the Zn-CDF subgroup have not yet been characterized, so their localization and specificity are still not known. Here, we present a comparative study on two recently identified proteins belonging to the Zn-CDF group in cucumber. The proteins were designated CsMTP1 and CsMTP4, based on their homology to the already identified plant MTPs. Using specific antibodies raised against cucumber proteins as well as Arabidopsis cells and yeast as heterologous expression systems, we studied the expression, localization, function, and biochemical properties of CsMTP1 and CsMTP4 to establish their role in Zn 2+ homeostasis within cucumber cells. To our knowledge, this is the first characterization of plant MTP4-like protein.
Material and methods

Plant material and growth conditions
Cucumber plants (Cucumis sativus var. Krak) were grown hydroponically as described previously . The nutrient solution was replenished twice a week. For organ expression analyses, particular organs of 2-week-old seedlings and 8-week-old flowering plants were collected separately and frozen immediately in liquid nitrogen. To impose Zn deficiency, plants were grown for 2 weeks in the nutrient solution, pH 5.0, deprived of Zn. For shortterm heavy-metal treatment, 2-week-old plants were transferred to nutrient solution, pH 5.0, supplemented with 50 μM ZnSO 4 or CdCl 2 for 6, 12, 24, 48, and 72 h. For RNA extraction, four organ samples of 100 mg from four different plants were collected, immediately frozen in liquid nitrogen, and stored at -80 °C until use.
Expression of CsMTP1 and CsMTP4 in yeast
All yeast strains and yeast expression vectors used for the heterologous expression of CsMTP1 and CsMTP4 are listed in Table 1 . For cDNA synthesis, total RNA isolated from 2-week-old cucumber roots was transcribed using Superscript III RNAse H reverse transcriptase (Invitrogen, Carlsbad, USA) and oligo(dT) primer. The full cDNAs of CsMTP1 and CsMTP4 were amplified using Phusion polymerase (New England BioLabs) with the following primers introducing SpeI and SalI sites (underlined): 5ʹ-AAAAC TAG TGGTATGGAAGTGCAAGATCACGG-3ʹ and 5ʹ-TTTGTCG ACTTGACGCT CTATCT GAAT GGTAA-3ʹ for CsMTP1 amplification, and 5ʹ-AAAAC TAGTGGTATGGG GGAG GAG GAAGTGCTTATTTT-3ʹ and 5ʹ-TTTGTCGAC CTCAA CTTGTA TGGT GGTATGGA-3ʹ for CsMTP4 amplification. PCR products were ligated into the SpeI-SalI sites of the shuttle vector pUG35 for C-terminal gene fusion with green fluorescent protein (GFP) ( Table 1 ). The plasmids were introduced into yeast by the LiOAc/PEG method (Gietz and Schiestl, 2007) . Following transformation, yeast strains were grown without uracil, on a standard complete medium composed of yeast nitrogen base (Difco), amino acids (Sigma-Aldrich) and 2% glucose (SC-U/Glu). Transformed yeasts were viewed using a confocal microscope (Olympus FluoView FV1000, lens Olympus UPlanSApo ×60/1.35 oil, filter: BF490-590) with excitation at 473 nm.
Yeast growth assay
Assays of CsMTP expression in yeast were performed under the control of the Met promoter, which is repressed by methionine (Table 1) . Yeast strains transformed with pUG35-CsMTP1 or pUG35-CsMTP4 were grown in liquid SC-U/Glu medium (-Met) until an OD 600 of ~1.0 was reached. For complementation assays, a series of five 1:10 dilutions from each culture was spotted onto plates containing solid SC-U/Glu medium (-Met) supplemented with ZnSO 4 , CdCl 2 , CoCl 2 , MnCl 2 , or NiCl 2 . The plates were incubated at 30 °C for 4-5 d and photographed.
Zn and Cd transport in tonoplast membranes isolated from yeast and plant cells
Plant tonoplast membranes were prepared essentially as described previously (Kabala and Klobus, 2001) . Yeast microsomes were prepared essentially as described by Norling (2000) . The vacuolar membrane vesicles were separated from crude membranes according to Nakanishi et al. (2001) . Uptake of Zn and Cd into tonoplast vesicles isolated from yeast cells or plant root cells was quantitated by using two previously developed methods . Namely, the divalent metal ion (Me 2+ )/H + exchange activity was assayed either by monitoring changes in absorption of pH-sensitive acridine orange at 495 nm, or through the determination of metal content inside the ΔpH-energized vesicles incubated with Zn or Cd following vacuum filtration (Migocka and Klobus, 2007; . The transmembrane ΔpH (interior acid) in tonoplast membranes was imposed using tonoplast vacuolar ATPase (V-ATPase). For the measurements of Zn and Cd uptake by tonoplasts isolated from plant roots, the membranes (60 μg protein) were incubated in a buffer containing 20 mM Tris/MES (pH 7.5), 2.5 mM sucrose, 0.2 mM NaN 3 , 0.2 mM Na 3 VO 4 , and 50 mM KCl. Acridine orange (10 μM) was included in the reaction medium when Me 2+ /H + antiport was measured as the change of ΔpH across the tonoplast membrane. The membranes were incubated in the reaction mixture for 5 min at room temperature to allow pH equilibration and then 3 mM MgATP was added to initiate V-ATPase activity and create a transmembrane pH gradient. Bafilomycin A was then used to inhibit intravesicular acidification of the membranes, and after 3 min, different concentrations of metals were added to induce Me 2+ /H + antiport. For direct metal content determination, after 3 min from metal addition to the medium, the membranes were filtered through nitrocellulose (0.45 μm), washed with the incubation buffer and disrupted with 3 M HCl to elute intravesicular metals (Migocka and Klobus, 2007) . Metal content in the eluent was determined by atomic absorption spectrophotometric. For each metal, assays were conducted in duplicate or triplicate, and the experiments were repeated three times.
For the measurements of Zn and Cd uptake by tonoplasts isolated from yeast cells, the membranes (100 μg protein) were added to a reaction buffer containing 5 mM Tris/MES (pH 7.6), 0.3 M sorbitol, 25 mM KCl, 0.1 mM NaN 3 , and 0.2 mM Na 3 VO 4 with (absorbance assay) or without (vacuum filtration) 10 μM acridine orange. Metal transport measurements were performed as described above.
Zn and Cd transport in yeast cells
Uptake of Zn and Cd into the cells of Δzrc1 or K667 mutants, respectively, was measured as described elsewhere (Thorsen et al., 2006; Maciaszczyk-Dziubinska et al., 2010) . Briefly, yeast strains were grown to mid-log phase in SC-Glu-Ura medium and then 5 mM ZnSO 4 or 100 μM CdCl 2 was introduced into the medium. At the indicated time intervals, 15 ml aliquots were harvested and centrifuged at 6500g for 5 min. The pellet was washed twice in sterile water, resuspended in a 1.5 ml of water, and boiled for 10 min to extract metals accumulated inside the cells. The samples were centrifuged at 15 000 rpm for 15 min and the metal content was determined in the supernatant using an atomic absorption spectrometer (Perkin Elmer 3300).
SDS-PAGE and immunoblotting
The synthetic peptides GEHDHGHGSHEHGE and QEGASLGSKDNSST (aa 230-243 of CsMTP4) (Fig. 1A) , synthesized and conjugated to a carrier protein (GenScript) were used to immunize rabbits to raise polyclonal antibodies against CsMTP1 and CsMTP4. The specific antibodies for the membrane marker proteins H + -ATPase (plasma membrane) and V-PPase or subunit a of the V-ATPase (tonoplast) and secondary antibodies conjugated to horseradish peroxidase were purchased from Agrisera. Antibodies for GFP were purchased from Roche. Membrane proteins isolated from cucumber roots or yeast cells (20 μg) were mixed with sample buffer [10 mM Tris/HCl, 2% (w/v) SDS, 80 mM dithiothreitol (DTT), 40% (w/v) glycerol, 5 mM phenylmethanesulfonyl fluoride, 1 mM EDTA, and 0.05% (w/v) bromophenol blue)], subjected to SDS-PAGE (Laemmli, 1970) , and then transferred to an nitrocellulose membrane (Millipore). After blocking with blocking reagent (Roth), the membranes were incubated with the primary antibodies: anti-CsMTP1 or anti-CsMTP4, diluted 1:1000, or anti-H + -ATPase (Agrisera), anti-PPase (Agrisera), antibodies for subunit a of the V-ATPase (Agrisera), or anti-GFP (a mixture of two monoclonal antibodies, both clones are mouse IG1k; Roche), all diluted 1:2000. After repeated washing, the nitrocellulose membranes were further incubated for 1 h with secondary antibodies and visualized by staining with 3,3ʹ-diaminobenzidine.
Transient expression of CsMTP1 and CsMTP4 in protoplasts
The full cDNAs of CsMTP1 and CsMTP4 were obtained using Phusion polymerase and the following primers pairs:
5ʹ-CACCATGGAAGTGCAAGATCACGG-3ʹ and 5ʹ-TTGACGCTCTATCTGAATGGTAA-3ʹ for CsMTP1 amplification and 5ʹ-CACC ATGG GGGA GGAGGAAGTG-3ʹ and 5ʹ-C TCAACTTGTATGGTGGTATGGACTA-3ʹ for CsMTP4 amplification, and then ligated into the Gateway entry vector pENTR/ D-TOPO (Invitrogen) ( Table 1) . Fusion proteins with GFP were produced by the recombination (LR reaction) of entry vectors pENTR/D-TOPO-CsMTP1 and pENTR/D-TOPO-CsMTP4 with destination vector pMDC83 (C-terminal GFP) (Table 1) using the Gateway system (Invitrogen). Transient expression experiments of GFP fusion proteins were performed on protoplasts isolated from A. thaliana cell suspensions prepared essentially as described by Thomine et al. (2003) . Protoplasts containing the plasmids were incubated at 23 °C for 2-3 d in the dark. Transformed cells were observed using an inverted Leica TCS-SP2 confocal laser scanning microscope (Leica Microsystems) with excitation at 488 nm, and the fluorescence emission signal of GFP was recovered between 500 and 525 nm.
RNA isolation, reverse transcription, and quantitative reverse transcription (qRT)-PCR
Total RNA was extracted from cucumber organs and either directly used in a one-step semi-qRT-PCR using the Titan One Step RT-PCR System (Roche) according to the protocol provided by manufacturer (with 25, 26, and 28 cycles and a melting temperature 60 °C for CACS, CsMTP1, and CsMTP4, respectively), or reverse transcribed into cDNA using a High Capacity cDNA Synthesis kit (Applied Biosystems) as described previously (Warzybok and Migocka, 2013) . qPCRs were performed essentially as described previously (Warzybok and Migocka, 2013) in a 96-well plate using a Lightcycler 480 (Roche). The reaction conditions were as follows: 95 °C for 10 min, followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 15 s. Specific primers for CsMTP1 (5ʹ-TCCTTGAGGTATTGATGGAGAGC-3ʹ and 5ʹ-TATTG ACGCT CTATCT GAAT GG TAAC-3ʹ) and CsMTP4 (5ʹ-ATCGATTCCTTGTTCATTTGTTC-3ʹ and 5ʹ-TAAT TTCATCCGAGTGTTCTGT-3ʹ) amplification were carefully designed using LightCycler Probe Design Software 2 (Roche) to amplify only a single PCR product ( Supplementary Fig. S1 at JXB online). The gene encoding the clathrin adaptor complex subunit (CACS) was used as internal control with the following primers: 5ʹ-TGGGA AGATTC TTATG AAG TGC-3ʹ and 5ʹ-CTCGTCAAATTTACACATTGGT-3ʹ. The stability of CACS expression under heavy-metal stress was confirmed previously .
Protein determination
Protein content was estimated according to the method of Bradford (1976) .
Database searching and analysis of CsMTPs
The nucleotide sequences of the genes encoding cucumber CsMTP1 and CsMTP4 proteins were retrieved from GenBank. The genomes of the cucumbers Chinese long (acc. no. ACHR01000000) (Huang et al., 2009) and Borszczagowski (acc. no. ACYN01000000) (Woycicki et al., 2011) were searched using Arabidopsis sequences encoding proteins AtMTP1-4. FGENESH (Softberry, Mount Kisco, NY, USA; http://www.softberry.com) was used to identify ab initio the untranslated regions, exons, and introns within the contigs containing CsMTP1 and CsMTP4 and to predict putative proteins encoded by these two genes. Nucleic and amino acid sequence alignments were performed using ClustalW with Gonnet as the protein weight matrix, whereas the membrane topology of CsMTP1 and CsMTP4 was predicted with the TMHMM 2.0 Server and visualized by TMRPres2D (Spyropoulos et al., 2004) . For the reconstruction of phylogenetic tree, MTP sequences from other plants (Supplementary Table S1 at JXB online) were collected from the GenBank database (Vitis vinifera, Brachypodium diastychon, and Zea mays), Rice Annotation Genome Project (RAGP) database (O. sativa), Phytozome v.8.0 (Sorghum bicolor), and The Populus Genome Integrative Explorer PopGenIE (P. trichocarpa). The tree was built in MEGA5.0 software using the maximum likelihood method (Tamura et al., 2011) with 1000 bootstrap replicates.
Statistical analysis
The data were analysed using Student's t-test and analysis of variance (Excel).
Accession numbers
Sequence data from this article can be found in GenBank under accession numbers EF684941 (CsMTP1) and JQ618097 (CsMTP4).
Results and discussion
Group 1 of MTPs in cucumber is represented by two proteins homologous to MTP1 and MTP4
The analysis of whole-genome shotgun reads of the two cucumber cultivars revealed two (Borszczagowski cultivar, line 10) and four (Chinese long cultivar, line 9930) contigs that significantly matched the query sequences AtMTP1-4. Interestingly, the genome of the 9930 line contained two identical genes encoding the MTP1-3 homologue (ACHR01007740 and ACHR01031515) and two identical genes encoding protein homologous to MTP4 (ACHR01007875 and ACHR01049518) ( Supplementary Fig. S2 at JXB online). In comparison, the genome of line 10 contained one MTP1-3-like gene (ACYN01001940) and one MTP4-like gene (ACYN01002902) (Supplementary Fig. S2 ). To date, multiple copies of MTPs from group 1 have been identified only in the heavy-metal hyperaccumulators A. halleri and T. goesingense and in a tree, P. trichocarpa. Five MTP1 paralogues were found in A. halleri, AhMTP1-A1, -A2, -B, -C, and -D, and at least three MTP1 alleles, TgMTP1a-c were cloned in T. goesingense, all capable of conferring similar resistance to Zn in yeast mutants hypersensitive to Zn (Kim et al., 2004; Shahzad et al., 2010) . Although multiplication of MTP1 in hyperaccumulators was thought to be associated with a natural tolerance to Zn excess, some MTP1 variants do not co-segregate with increased Zn tolerance, suggesting some 
strains and plasmids used in heterologous expression assays
The mutant strains originated from the parental strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) (Euroscarf) or W303-1A (MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1) (Wallis et al., 1989 different evolutionary fates of additional copies of MTP1s in plants (Shahzad et al., 2010) . Two copies of genes encoding MTP3 and MTP4 proteins were also found in P. trichocarpa; however, it is thought that the high redundancy of members of group 1 in poplar results from the low rate of loss of duplicated genes in this species and not from environmental pressure to maintain multiple alleles of MTPs (Gustin et al., 2009; Migeon et al., 2010) . Since the cucumber cultivars Borszczagowski and Chinese long grow in different areas of the world (Northern Europe and Asia, respectively), for now we can only speculate that differences in the number of gene copies in the two cucumber genomes probably result from spatial isolation and the requirement for adaptation to diverse environmental conditions (Woycicki et al., 2011) . The coding sequences of the MTP1-3 and MTP4 homologues in both cucumber cultivars were identical: they were built of one exon composed of 1247 and 1161 bp, respectively ( Supplementary Fig. S2 ). The phylogenetic analysis of two newly identified cucumber proteins and the MTP1-4s from other plants confirmed that plant MTP1-4 proteins form two separate subgroups, which were probably formed after duplication of a common ancestor (Gustin et al., 2011) (Fig. 1C) . Until now, MTP4 proteins have been found only in dicots. The remaining MTP1-3 proteins were also clearly divided into three subgroups containing MTP1-like proteins in monocots, MTP1/2-like proteins in dicots, and MTP3-like proteins, which, similarly to MTP4s, are present only in dicots (Fig. 1C) . Based on the phylogenetic analysis, the two MTP1-4-like cucumber proteins were designated CsMTP1 and CsMTP4. The full nucleic sequences encoding CsMTP1 and CsMTP4 were confirmed by sequencing the PCR products. The deduced amino acid sequences of CsMTP1 and CsMTP4 possessed all the features common for Zn-CDF transporters including six putative transmembrane domains (TMDs), cytoplasmic N and C termini, a signature sequence covering the second transmembrane helix, an initial part of the third TMD and the cytosolic loop between them, histidine (His)-rich regions between TMDs IV and V, a characteristic C-terminal cation efflux domain present in all CDFs (Pfam: PF01545), and a conserved cysteine (Cys) residue within the N termini (Montanini et al., 2007) (Fig. 1A, B) . TMDs I, II, V, and VI, which may participate in metal transfer across membranes, are the most conserved regions (Fig. 1A) . A His-rich loop has been estimated to be crucial for Zn binding by MTP1-like proteins (Palmiter and Findley, 1995; Williams et al., 2000) . Interestingly, a Hisrich loop in CsMTP1 contains approximately twice as many His residues (n=30) compared with the relative CsMTP4 loop (n=16) (Fig. 1A) . A previous study on AtMTP1 showed that the cytosolic loop is not essential for Zn transport activity but probably functions as a buffering pocket of Zn divalent cations and a sensor of the cytosolic Zn level (Kawachi et al., 2008) . A few conserved Cys residues have been found in Zn-CDFs group that may be involved in Zn and Cd binding (Montanini et al., 2007) . It has been shown for PtdMTP1 that the substitution of the C35 residue with serine completely abolished the transport of Zn by the poplar transporter (Montanini et al., 2007) . The same Cys is present within cucumber MTP1 and MTP4. However, since the N-terminal region of CsMTP4 is longer, this Cys resides at the further 45 position (Fig. 1A ).
CsMTP1 and CsMTP4 transcripts are differentially distributed in cucumber vegetative organs and inflorescence
The expression of CsMTP1 was ubiquitous in cucumber plants. At the vegetative stage, CsMTP1 mRNA was present in all the organs of young cucumber seedlings ( Fig. 2A,  B) . At the reproductive stage, the CsMTP1 transcript was detected in all parts of the cucumber flowers and was the most abundant in cucumber fruits (Fig. 2D) . In comparison, the CsMTP4 transcript was detected in all vegetative organs, perianths, and fruits but was absent in the stamen and pistils of cucumber flowers ( Fig. 2A, C, D) . The highest abundance of CsMTP4 mRNA was observed in cotyledons and leaves of cucumber seedlings, whereas expression of this gene in male and female perianth or in fruits was very weak ( Fig. 2A, C, D) .
Expression of CsMTP1 and CsMTP4 in yeast complements the Zn-and Cd-sensitive phenotypes
To investigate the cellular function of CsMTP1 and CsMTP4, the cucumber proteins were expressed in Saccharomyces cerevisiae yeast mutants susceptible to Zn (zrc1), Co (cot1), Mn, Ni, and Cd (K667) excess (Fig. 3) . Expression of CsMTP1 and CsMTP4 in yeast affected only the Zn and Cd sensitivity of yeast mutants Δzrc1 and K667, respectively (Fig. 3A) . The ZRC1 gene encodes a tonoplast transporter that sequesters Zn into the vacuole (Kamizono et al., 1989; Li and Kaplan, 1998) , and hence the deletion of this gene renders the mutant highly sensitive to Zn. K667 (cnb1 vcx1 pmc1) lacks vacuolar Ca 2+ transporters Vcx1p and Pmc1p and functional calcineurin and thus is highly sensitive to calcium (Ca), Cd, and Mn excess (Pittman et al., 2004) . In our preliminary tests, this strain was also hypersensitive to Ni. Both strains carrying pUG35 empty vector grew well in non-stressed conditions [yeast extract/peptone/dextrose (YPD) medium] (Fig. 3A) . In contrast, Zn excess strongly inhibited the growth of Δzrc1, whereas Mn excess, Ni excess, or Cd repressed the growth of K667 (Fig. 3A) . Cells harbouring the CsMTP1 or CsMTP4 expression vector were able to grow well in the presence of Zn excess and Cd (Fig. 3A) . On the other hand, CsMTP1 and CsMTP4 expression did not restore the sensitivities of K667 to Mn and Ni, of Δpmr1 to Mn, or of Δcot1 to Co (Fig. 3A) . To investigate whether the increased resistance of cells expressing CsMTP1 or CsMTP4 resulted from the increased efflux or sequestration of metals, the accumulation of Zn and Cd was determined in strains transformed with empty vector or vectors carrying cucumber genes. Following a 5 h treatment of K667 cells with Cd, the uptake of Cd by cells expressing CsMTP1 or CsMTP4 was 40 and 70% higher, respectively, when compared with cells transformed with the empty vector pUG35 (Fig. 3B) . Similarly, Δzrc1 cells expressing CsMTP1 or CsMTP4 growing in liquid medium with 5 mM Zn accumulated twice the amount of Zn accumulated in the vector control during 5 h of metal treatment (Fig. 3C) . These results suggested that both proteins reside in intracellular membranes of yeast cells and participate in intracellular metal sequestration rather than in the efflux of metal out of the cells. All plant MTP1-like proteins that have been characterized to date have displayed the ability to complement Zn hypersensitivity in yeast mutants. The function in Zn transport has been attributed to MTP1 transporters of A. thaliana, A. halleri, P. trichocarpa-deltoides, and T. goesingense (Persans et al., 2001; Becher et al., 2004; Drager et al., 2004; Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005; Kramer, 2005) . In addition, AtMTP1 conferred very low levels of Co tolerance when expressed in yeast cells (Desbrosses-Fonrouge et al., 2005) . However, when reconstituted in proteoliposomes, AtMTP1 was able to transport only Zn 2+ and not Co 2+ or Cd 2+ (Bloss et al., 2002) . Similarly, the poplar transporter MTP1 was able to complement the hypersensitivity of yeast mutant to Zn but not to Cd, Co, Mn, and Ni (Blaudez et al., 2003) . In contrast, MTP1 from rice demonstrated a broader specificity to different metal ions. It has been shown recently that OsMTP1 is able to complement the yeast mutant hypersensitivity to Ni, Cd, and Zn but not other metals including Co and Mn (Yuan et al., 2012) . Rice transgenic plants with disturbed OsMTP1 expression display a metal-sensitive phenotype and alterations in metal accumulation, indicating that OsMTP1 is required for efficient translocation of Zn, Cd, and other heavy metals, and for maintenance of ion homeostasis in rice plants (Yuan et al., 2012) . It was also shown in plants tolerant to elevated heavy-metal concentrations that MTP1-like proteins participate in the homeostasis of multiple metal ions. The unspliced and spliced TgMTP1 variants, which differ within a His-rich putative metal-binding domain, confer the highest level of tolerance to Cd, Co, and Zn (TgMTP1t1) or to Ni (TgMTP1t2) when expressed in yeast (Persans et al., 2001 ). BjCET3 and BjCET4, MTP1 orthologues from Brassica juncea, were able to complement Zn sensitivity and rescued or partially rescued the Cd, Co, and Ni sensitivity of yeast mutant strains deficient in Zn and Co transport (Lang et al., 2011) . Hence, growing evidence indicates a possible role for MTP1-like proteins in multiple ion homeostasis in plant cells.
In contrast to MTP1, the proteins homologous to MTP4-like proteins have not yet been functionally characterized. The cucumber MTP1 and MTP4 proteins belong to the same group 1 of the Zn-CDF cluster and show a structural similarity of 44%. Since CsMTP4 also complements Zn-sensitive and Cd-sensitive phenotypes in yeast mutants and increases metal accumulation within yeast cells, it may fulfil similar biological function as MTP1 by participating in vacuolar Zn and Cd sequestration.
CsMTP1 and CsMTP4 are present as oligomers in the vacuolar membrane of yeast cells
The subcellular localization of cucumber proteins in yeast used for growth tests in metal-enriched medium confirmed that CsMTP1 and CsMTP4 are present in the intracellular compartments and not in the plasma membrane. When N-terminal GFP fusion CsMTP1 or CsMTP4 protein was expressed from a pUG35 vector, fluorescence was observed only in the endomembranes of the yeast cells (Fig. 4A, B) . To determine whether the two cucumber proteins localized in vacuolar membranes of yeast cells, we prepared tonoplast vesicles from the Δzrc1 mutant strain expressing CsMTP1 or CsMTP4 fused with GFP. As expected from the amino acid composition of cucumber proteins and GFP, the total molecular mass of the fusion protein was 72 kDa for CsMTP1-GFP and 69 kDafor CsMTP4-GFP. Immunoblot analysis with GFP antibodies showed the presence of two bands of ~65 and 140 kDa along with a very weak band running above at ~170 kDa (Fig. 4C, D) , implying that CsMTP1 and CsMTP4 form homo-oligomers in tonoplast-enriched membranes isolated from yeast cells. Indeed, there is growing evidence that CDF proteins form homo-oligomeric or hetero-oligomeric complexes. Molecular mass measurements revealed that the bacterial CDF iron transporter YiiP (FieF) forms dimers in detergent-lipid micelles and in membranes (Wei et al., 2004), whereas vertebrate CDF transporters form heterooligomers (ZnT5 and ZnT6) or homo-oligomers (ZnT7) when expressed in chicken B-lymphocyte-derived DT40 cells (Suzuki et al., 2005) . Similar oligomerization of Zn-CDF proteins has already been shown in plants. Arabidopsis AtMTP1 (AtZAT1) is present in homo-oligomeric form when reconstituted into proteoliposomes (Bloss et al., 2002) , whereas poplar PtdMTP1 forms homo-oligomers when expressed in yeast and A. thaliana (Blaudez et al., 2003) . Similarly to CsMTP1 and CsMTP4, the overexpression of a gene encoding T. goesingense MTP1 in Saccharomyces cerevisiae produced multiple bands consistent with the presence of monomeric, dimeric, and trimeric complexes of TgMTP1 in yeast (Kim et al., 2004) . A recent study on a member of the Mn-CDF cluster also provided evidence for oligomerization of the plant MTPs involved in Mn transport. The estimation of the molecular mass of rice OsMTP8.1 revealed that, similarly to Zn-MTPs, manganese transporters from the MTP family also form dimers when present in plant membranes (Chen et al., 2013) .
Monomers and dimers of CsMTP1 and CsMTP4 localize to the vacuolar membrane of plant cells
To analyse the localization of cucumber proteins in Arabidopsis culture cells, transition transformants of protoplasts were generated using vectors encoding fusion proteins CsMTP1 or CsMTP4 tagged with C-terminal GFP under the constitutive 35S promoter. In protoplasts transformed with CsMTP1-GFP or CsMTP4-GFP constructs, the GFP signal was clearly detected in the vacuolar membrane (Fig. 5A, B) . The data clearly indicated that both CsMTP1 and CsMTP4 were primarily localized to the tonoplast of plant cells.
A similar subcellular localization pattern was observed for the homologous proteins belonging to the Zn-CDF cluster from A. halleri (AhMTP1-3), A. thaliana (MTP1 and MTP3), and P. trichocarpa-deltoides (PtdMTP1) (Blaudez et al., 2003; Drager et al., 2004; Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005; Arrivault et al., 2006) . In contrast, the homologues of CsMTP1 from O. sativa (OsMTP1) and Brassica juncea (BjCET2, -3, and -4) localized to the plasma membrane (Xu et al., 2009; Lang et al., 2011) . Interestingly, dual plasmamembrane and tonoplast localization has been observed for the T. goesingense protein TgMTP1 (Kim et al., 2004; Gustin et al., 2009) , suggesting that plant CDF family members may undergo metal-induced active membrane relocalization like their mammalian homologues ZnT2, ZnT4, and ZnT6 (Kelleher and Lonnerdal, 2003; Huang et al., 2009 ). TgMTP1b-GFP or TgMTP1b-haemagglutinin fusions were shown to be localized to the plasma membrane in A. thaliana leaf protoplasts or the plasma membrane of yeast, respectively, whereas immunolocalization of TgMTP1 in T. goesingense using a specific antibody revealed that this protein co-localized with the tonoplast V-ATPase and not with the plasma-membrane ATPase (Gustin et al., 2009) . The authors concluded that the previous plasma-membrane localization of TgMTP1 could be misleading, as it was performed in heterologous expression systems and not in the native expression system (T. goesingense) (Gustin et al., 2009) .
Hence, to confirm the subcellular localization of CsMTP1 and CsMTP4 in the native expression system (cucumber cells), two specific polyclonal antibodies were used against different regions within the large hydrophilic cytosolic loop of CsMTP1 and CsMTP4. The amino acid composition of the two peptides was characteristic either of CsMTP1 or CsMTP4 (Fig. 1A) . The crude microsomes prepared from the homogenate of root cells of 2-week-old cucumbers were separated by sucrose density gradient centrifugation (Fig. 5C-F) . CsMTP1 and CsMTP4 proteins were recovered in fractions 1 and 2 together with the vacuolar H + -ATPase subunit a (VHAa) (Fig. 5C-E) . Plasma-membrane H + -ATPase was recovered in the lower fractions of the sucrose gradient (fractions 3-7) (Fig. 5F ). As expected from previous assays, both CsMTP1 and CsMTP4 formed monomers (of approximately 45-46 and 42-43 kDa, respectively) and dimers (of approximately 90 and 85 kDa, respectively) in fractions enriched in tonoplast membrane (Fig. 5C, D) . Mechanisms of homo-oligomerization of CDF proteins are not well understood. The oligomerization of poplar PtdMTP1 is blocked in the presence of the reducing agents DTT, β-mercaptoethanol, or tributylphosphine (Blaudez et al., 2003) , whereas bacterial FieF dimers are substantially stabilized through Hg 2+ -induced crosslinking of Cys residues , indicating the possible role of disulfide bridges in CDF dimer formation. To determine whether disulphide-bridge formation is required for dimerization of CsMTP1 and CsMTP4 in plants, tonoplast membranes isolated from the cells of cucumber roots were treated with 200 mM DTT for 1 h before loading onto a polyacrylamide gel. The presence of a reducing agent in the samples led to complete dissociation of the dimers (Fig. 6) , confirming that disulfide bridges might be essential for oligomerization of members of the MTP1-4 cluster. /H + transport activity was measured in vacuolar membrane vesicles isolated from yeast. Vacuolar membranes isolated from the Δzrc1 strain were used for Zn transport to avoid background activity resulting from the ZRC1-mediated Zn transport. Similarly, H + -coupled Cd transport was measured in tonoplasts isolated from K667 lacking the vacuolar Mn/ Cd transporter VCX1, to ensure that Cd antiport resulted only from CsMTP1 or CsMTP4 activity. The accumulation of metals within tonoplast membranes was measured either indirectly as the increase in acridine orange absorbance elicited by the addition of metals into the vesicles, or directly as the rate of metal accumulation within vesicles measured with an atomic absorption spectrophotometer. To determine whether the metal transport through CsMTP1 or CsMTP4 required energy, a proton gradient (acidic inside) was generated across the tonoplast by MgATP-induced energization of the vacuolar H + -ATPase. Vanadate was included in the assay to inhibit any P-type ATPase, which could contaminate the tonoplast-enriched fraction. Addition of Zn 2+ or Cd 2+ into the vesicles prepared from yeast expressing CsMTP1 or CsMTP4 dissipated the proton gradient in a manner dependent on the metal concentrations (Fig. 7A, B, D, E) . H + -coupled metal transport was inhibited in the presence of the protonophore gramicidin (data not shown) and was barely detectable in vesicles without a transmembrane pH gradient ( Supplementary  Fig. S3 at JXB online) or in vesicles prepared from the control strain, consistent with the function of CsMTP1 and CsMTP4 as Zn S4 at JXB online). To date, only AtMTP11 and ShMTP8, members of the Mn-CDF group, have been clearly shown to function as H + -coupled metal (Mn) transporters at the prevacuolar compartment or tonoplast, respectively (Delhaize et al., 2007) . The mode of action of proteins belonging to the Zn-CDF cluster is unclear. The first studies on AtMTP1 and PtdMTP1 in yeast vacuolar acidification mutants indicated that the function of both proteins did not rely on a proton gradient (Blaudez et al., 2003; Bloss et al., 2002) . However, the biochemical characterization of AtMTP1 in tonoplasts isolated from yeast expressing AtMTP1 revealed that the AtMTP1-mediated intravacuolar Zn accumulation is tightly associated with a proton gradient generated by V-ATPase (Kawachi et al., 2008 , respectively, in a proton-dependent manner (Anton et al., 2004; Chao and Fu, 2004; Grass et al., 2005) . In addition, ZRC1 from yeast is unable to sustain growth of yeast vacuolar acidification mutants in Zn excess, probably due to the lack of transmembrane proton gradient required for ZRC1-mediated accumulation of Zn ions into the vacuole (MacDiarmid et al., 2002) . Our studies clearly indicated that not only MTP1-like but also MTP4-like proteins of group 1 of CDF transporters function as H + -coupled Zn or Cd antiporters. The first Zn-induced acridine orange absorbance change was observed upon addition of 0.1 or 0.2 μM metal into membranes containing CsMTP1 or CsMTP4, respectively, and the maximal rate of absorbance recovery was obtained with 2-3 μM ZnSO 4 (Fig. 7A, B) . The accumulation of metal inside vesicles was confirmed by atomic absorption spectrophotometry (Fig. 7C) . Although Zn transport through both cucumber proteins demonstrated similar saturation kinetics, CsMTP1 and CsMTP4 transported metal with significantly different apparent K m values of ~0.5 ± 0.08 or 2.0 ± 0.28 μM, respectively (Fig. 8A) . Similarly, the Cd 2+ / H + activity was clearly detected in membranes containing CsMTP1 and CsMTP4 prepared from the K667 strain ( Fig. 7D-F) . The H + -coupled Cd transport activity followed Michaelis-Menten kinetics over the range of Cd concentrations tested. The first acridine orange absorbance change in membranes containing CsMTP1 or CsMTP4 was induced by 2 μM Cd 2+ , and the maximal rate of absorbance recovery was obtained with 9 μM Cd 2+ (Fig. 7D, E ). In comparison with Zn, Cd activated CsMTP1 and CsMTP4 with a lower affinity with a significantly different apparent K m of ~5.7 ± 0.16 or 10 ± 0.55 μM, respectively (Fig. 8B) . Zinc transport through A. thaliana MTP1 measured in yeast tonoplast membranes revealed the apparent K m value of AtMTP1 for Zn 2+ to be 0.30 μM, close to that estimated for CsMTP1 (Kawachi et al., 2008) . A similar K m value was measured for the Zn transporter ZRC1 from Saccharomyces cerevisiae (0.16 μM) (MacDiarmid et al., 2002) , whereas the estimation of K m values of ZitB from E. coli for Zn 2+ provided significantly different values of 1.4 or 105 μM when measured in membrane vesicles or proteoliposomes, respectively (Anton et al., 2004; Chao and Fu, 2004) . Nevertheless, the apparent K m values of CsMTP1 and CsMTP4 for Zn 2+ and Cd 2+ transport are approximately in the same range of heavy-metal concentration (μM). Since the concentration of free metal ions within the cell is thought to be in the femtomolar range (Outten and O'Halloran, 2001; Haydon and Cobbett, 2007) , such high K m values suggest that Zn CDFs act only upon significant Zn and/or Cd excess within cellular cytosol. However, neither of the techniques used to study the transport kinetics of CDFs can faithfully reproduce the cellular environment of the studied proteins and account for the binding of Zn 2+ or Cd 2+ to embedded transport proteins and to the membrane itself . A high metal-binding capacity of the membranes and membrane proteins could render part of the metal ions unavailable for transport and thus inflate the K m values . Despite its limitations, the method used in this study was able to show the difference in the affinity of both cucumber proteins to Cd 2+ and Zn
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. CsMTP1 appeared to display 4-fold higher affinity to Zn when compared with CsMTP4 (Fig. 8) . It has been suggested previously that a His-rich cytosolic loop serves as a Zn-binding region in Zn-CDFs (Palmiter and Findley, 1995; Williams et al., 2000) . However, the deletion of the His-rich region from AtMTP1 did not inhibit transport activity of this protein but markedly increased the apparent maximal velocity of Zn transport and lowered the affinity of AtMTP1 to Zn 2+ (Kawachi et al., 2008) . Since the His residue has a high affinity to Zn 2+ (Lippard and Berg, 1994) , the authors proposed that the His-rich region of AtMTP1 may serve as a Zn sensor and buffering pocket that catches and traps Zn in the vacuole (Kawachi et al., 2008) . The hydropathy analysis revealed that CsMTP1 and CsMTP4 are predicted to have significantly different number of His residues (30 and 16, respectively) within their cytosolic His-rich loop (Fig. 1A) . Hence, the differences in affinities of both proteins to Zn probably result from the different number of His residues in the His-rich regions of CsMTP1 and CsMTP4. In other words, the significantly lower affinity of CsMTP4 to Zn may be related to a 2-fold lower number of His residues in the His-rich cytosolic loop compared with CsMTP1. ; however, the proteins responsible for this activity have not been identified yet.
CsMTP1 and CsMTP4 transcripts are affected by Zn in roots
In order to further determine the function and regulation of CsMTP1 and CsMTP4 in cucumber roots, we investigated the expression of genes encoding cucumber proteins as well as the level of tonoplast CsMTP1 and CsMTP4 under Cd and Zn excess as well as upon Zn deficiency. The results from gene expression analysis were only partly consistent with the immunoblotting data. Both qRT-PCR and immunoblotting showed that mRNA and protein levels of CsMTP1 were downregulated upon Zn deficiency (Fig. 9A, C, D) . In contrast, the elevated Zn concentration did not affect CsMTP1 expression significantly (Fig. 9A) , whereas the level of protein encoded by this gene was increased 4-fold in roots of cucumber grown in metal excess (Fig. 9C, D) . Cd did not significantly affect CsMTP1 and CsMTP4 expression and protein levels in cucumber roots (Fig. 9A-D . Similar to CsMTP1, the CsMTP4 expression was almost completely inhibited following Zn deficiency (Fig. 9B-D) . Interestingly, the protein level of CsMTP4 in the tonoplast increased dramatically upon Zn excess, although the CsMTP4 transcript was not significantly affected under conditions of elevated Zn (Fig. 9B-D) . The similar significant downregulation and upregulation of CsMTP1 and CsMTP4 in roots in response to Zn deficiency or excess, respectively, suggested that both proteins might be involved in the storage of Zn within plant cell vacuoles under Zn excess. Based on the yeast complementation assay, it can also be suggested that CsMTP1 and CsMTP4 are additionally engaged in Cd detoxification in cucumber roots. Nevertheless, slightly different organ expression pattern of genes encoding CsMTP1 and CsMTP4 suggested that these two transporters may be not functionally redundant in some cucumber tissues. Two similar proteins from A. thaliana also localize to the vacuolar membrane and show a distinct tissue expression pattern as well as a different response to heavy-metal treatment (Arrivault et al., 2006) . AtMTP1 is expressed at a high level in roots and leaves of Arabidopsis plants, whereas AtMTP3 transcript abundance is very low and significantly higher in roots than in shoots (DesbrossesFonrouge et al., 2005; Arrivault et al., 2006) . In roots, the expression of AtMTP1 is localized to the root cap, the meristem, and elongation zones and is not affected by metals, whereas the MTP3 transcript increases upon elevated Mn, Zn, and Co or under Fe deprivation and localizes to the epidermal and cortex cells of root hairs (Desbrosses-Fonrouge et al., 2005; Arrivault et al., 2006) . Thus, both Arabidopsis transporters may also fulfil slightly different biological functions in plant tissues. AtMTP3 has been shown to be regulated in a coordinate fashion with the iron transporter IRT1, suggesting that these metal transporters constitute a module responding to metal Fe deficiency and Zn and Mn excess (Arrivault et al., 2006) .
In the other plants, the expression of genes encoding MTPs of the Zn-CDF cluster is differentially affected by heavy metals. In hybrid poplar, PtdMTP1 transcript abundance was highest in mature leaves and roots, but it was not affected by elevated Zn, Mn, Cd, and Ni (Blaudez et al., 2003) . Similarly, TgMTP1 transcripts, which are highly abundant in the shoots of the Ni/Zn-hyperaccumulator T. goesingense, did not increase following exposure of plants to Ni (Persans et al., 2001) . In comparison, in the Zn hyperaccumulator A. halleri, the AhMTP1 transcript abundance was not affected by Co, Cd, or Cu (Drager et al., 2004) . Further studies have demonstrated that the five AhMTP1 paralogues AhMTP1-A1, -A2, -B, -C, and -D are up-or downregulated by Zn in planta (Shahzad et al., 2010) . The transcripts of homologous genes in B. juncea (BjCET2, -3, and -4 and BjMTP1) were found to be upregulated by Cd 2+ and Zn 2+ or Ni 2+ (Muthukumar et al., 2007; Xu et al., 2009; Lang et al., 2011) .
In summary, members of the MTP1-4 subgroup of plant metal-tolerance proteins undergo different modes of transcriptional regulation upon metal excess, including the constitutive, metal-independent expression pattern or metalinduced up-or downregulation of genes encoding MTP1-4 proteins. Interestingly, our study provides the first evidence for the potential importance of post-transcriptional and/or post-translational events in the regulation of MTP1-4 proteins in response to Zn excess. We found that increased levels of CsMTP1 and CsMTP4 proteins did not accompany increased expression of genes encoding both proteins in roots of cucumber treated with elevated Zn concentrations. It is well known that the steady-state RNA content is controlled not only at the level of transcription but also at the RNA processing and stability levels. The half-life and stability of protein or protein complexes, e.g. oligomers, are also dependent on many conditions. Hence, it is quite difficult to specify at this time whether Zn excess affects cucumber protein activity at the post-transcriptional or post-translational level, and further studies are required to elucidate the accurate mechanism of Zn-mediated CsMTP1 and CsMTP4 regulation. Nevertheless, the greater than 4-fold increase in both proteins in the tonoplast of cucumber roots upon Zn toxicity strongly suggests that these transporters are very important in detoxification of Zn excess and that Zn regulates some steps of their biosynthesis pathway.
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